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Abstract

Although the existence of the critical ionization velocity (CI V) is known from laboratory
experiments, no agreement has been reached as to whether Cl V exists in the natural space en-
vironment. in this paper we move towards more realistic models of Cl V and present the first
fully three-dimensional, electromagnetic I’arLicle.-in-Ccll Monte-Carlo Collision (PIC-MCC) simu-
lations of typical space-based CIV experiments. in our model, the released neutral gas is taken to
be a spherical cloud traveling across a magnetized ambient plasma. Simulations are performed for
neutral clouds with various sins and densities. The effects of the cloud parameters on ionization
yield, wave energy growth, electron heating, momentum coupling, and the 3-D structure of the
newly ionized plasma are discussed. The simulations suggest that the quantitative characteristics
of momentum transfers among the ion beam, neutral cloud, and plasma waves is the key indicator
of whether CIV can occur in space. The missing factors in space-based CIV experiments may be
the conditions necessary for a continuous enhancement of the beam ion momentum. For a typical
shaped charge release experiment, favorable CIV conditions may exist onlyin a very narrow,
intermediate spatial region some distance from the release point due to the effects of the cloud
density and size. When CIV does occur, the newly ionized plasma from the cloud forms a very
complex structure clue to the combined forces from the geomagnetic field, the motion induced emf,

and the polarization. Hence, the detection of Cl V aso critically depends on the sensor location.




1 Introduction

Critical ionization velocity (CIV) was first proposal by Alfvénin his theory of the formation
of thesolar system [Alfvén,1 954]. Alfvén hypothesized that a neutral gas propagating across a
magnetized plasma will undergo an anomalous ionization when the relative velocity between the

neutrals and the plasma exceeds a certain critical velocity given by
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where ¢ion and m, are the ionization) potential and mass of the neutral atom, respectively. Over
the past forty years, the critical ionization velocity phenomenon has been the subject of many
space experiments (see, for example, Haerendel, 1982; Torbert and Newell, 1986; Wescolt el al.,
1986; Stenback-Nielsen etal.,, 1990a; Stcnback-Nielsen et d., 1990b; Torbert el. al., 1992), lab-
oratory experiments( A znds, 1978; Drenning, 1981, Danielsson, 1970; Danielsson and Brenning,
1975; Aznds and Brenning, 1990), and theoretical and numerical studies ( Machida and Go-
erlz, 1988; Machida et al, 1988; Biasca et al, 1992, 1993; Moghaddam- Tacheri, 1994; Okuda and
Choueiri, 1994 ). Previous studies have led to the following generally accepted CIV sequence: (1)
seed ionization of the mneutral cloud forms a weak ion beam drifting across a magnetic field, (2)
the ion beam induces a modified beam-plasma instability, (3) the instability transfers energy from
the ion beam into electron energy, (4) the electrons are heated to energies above the neutral’s
ionization energy, (5) further neutrals arc ionized by elecironimpact ionization, reinforcing the
ion beam andleading to a positive feedback loop. Although the existence of CIV has been verified
in a series of laboratory experiments, the. results of space-based CIV experiments have in general
been inconclusive or negative. No general agreement has been reached as to whether C1V exists
inth ¢ natural space environment.

The cost and complexity of space experiments precludes the possibility of performing the
parametric studies needed to determine the missing factor in achieving CIV in space. Wall effects
and the difliculty of matching space conditions in a laboratory experiment make it diflicult to ex-
trapolate laboratory simulations to the space environment. Overall, numerical simulations based
on first principles perhaps provide the best means of understanding CIV process at reasonable
cost.

In previous studies, one- and two-dimension a particle-in-eel] simulations with Monte-Carlo
charged particle-neutral collisions (PIC-MCC) have been developed to study CIV.For instance,
Machida and Goertz [1 988], Machida et al [1 988], and Biasca et al [1 992; 1993] studied the C1V




process for a periodic system of aninfinite neutral gas beam propagating in a homogeneous plasma.
The finite size of the cloud most likely plays an important role in CIV. Recently, Moghaddam-
Teaherietal [1 994] and Okuda and Choueiri{1994] conducted 2-1> simulations to study CIV for a
finite size neutral cloud. in Moghaddam- Tacheri et al [1994], three-dimensional (3-1)) eflects were
studied using 2-1> simulations performed in 2 separate planes. With the exception of Machida
and Goertz[1988], al previous simulations have been electrostatic.

Although these studies have added greatly to theunderstanding of the CIV,their results
cannot be easily extended to space-bascc] Cl V ex periments. This is because the CIV experiment
is fund amentall y a 3-dimensional phenomen a. Many of the space experiments which do indicate
enhanced ionization levels (supposedly due to Cl V interactions), result in ions appearing further
from the release point than should be expected fromn previous theoretical and numerical work
(Biascaet al., 1 993). The overall ionization level observed aso tends to be much less than might
beexpected from purely theoretica reasoning. Onc possibility for these discrepancies between
experiments and theory is that, in a 3-1) situation, the ion beam may not get reinforced as
easily as that in a 1-D or 2-D situation clue to greater effects of the finite cloud size on the
efliciencies of momentum and energy transfers among the ion beam, the neutral cloud, and the
background plasma. This can restrict the CIV process. Another possibility is that the newly
forming plasma polarizes and causes downstream, cross-field transport of the new plasma. This
crossfield transport of the plasma may well have important implications for both the level of
ionization obtained in CIV experiments and the observed position where the ionization occurs.
Overall, the importance of polarization and momentum coupling is not yet well understood. It
is clear, however, that the calculation of momentum transfers among a finite size cloud, anion
beam, and a magnetized plasma, and the study of the dynamics and polarization of the newly
forming plasma are beyond the reach of a1- or 2-D simulation model. They can only be achieved
using fully 3-dimensional particle simulations.

in this paper, wc move towards more realistic models of Cl V and present the first fully three-
dimensional, electromagnetic PIC-M CC simulations of typical space-baml CIV experiments. Re-
sults arc presented for neutral clouds with different sizes and densities. The simulation results
suggest that whether CIV can occur in space depends on the quantitative characteristics of mo-
mentumand energy transfers among the ion beam, neutral cloud, and plasma waves. The missing
factors in space-based CIV experiments may bethe con ditions necessary for a continuous enhance-

ment of the beam ion momentum. When Cl V dots occur, the newly ionized plasma from the




cloud form a complex structure due to the combined forcesfromthe geomagnetic field, the mo-
tioninduced emf, and the polarization. We find that theionbeam momentum provides a better
indicator of CIlV than the electron temperature.

Our simulation model is described in Section 2. in section 3, wc study CI V interactions for a
finite size cloud and discuss effects of neutral cloud density and size on the CIV process as well as

the dynamics of ionized plasma cloud. Section 4 contains practical implications and a conclusion.

2 Simulation Model

Figure 1 shows our simulation model for a typical neutral gas release experiment in the ionosphere.
in the model, the released neutral gas is taken to be a spherical cloud traveling with a constant
velocity 4, in the x direction across a collisionless, magnetized background plasma. When a
plasma particle impinges uponthe neutral cloud, a collisson may occur. The geomagnetic field
Bois mainly in the s direction,

Wc have developed a fully 3-D electromagnetic 1'1 C-MCC code which follows both ambient
and newly ionized electrons and ions to simulate this system. In the code, plasma particles arc
pushed using astandard relativistic particle push; currents arc deposited using a rigorous charge
conservation scheme[ Villasenor and Buneman,1 992]; and the self-consistent electromagnetic field
issolved using a local finite-cliffcrence time-domain solution to the full Maxwell’s equations. Inter-
ested readers arc referred to Wang et a1 994] for detailed discussions of the electromagnetic PIC
part of the code. For those plasma particles that impinge upon the neutral cloud, a Monte-Carlo
collision subroutine similar to that in Machide and Goert2{1 988] aud Biasca et alll1 992] is called
to determine whether a collision has occurred and to calculate the particle’s velocity after the
collision.

The simulations may be conducted either in the rest reference frame of the ambient plasma
or in the reference frame fixed with the neutral cloucl. Initially, the background plasma is a quiet
Maxwellian distribution (7'¢o and %o for the ambient electron and ion temperature, respectively).
At the start of the simulation, the neutral cloucl is set to drift across the plasma with some seed
ions within it. In reality, the seed ions arc produced either by photoionization or charge-cxchaugc
collisions. (If the cloud reference frame is used, then the ambient plasma is injected into the
system with a drifting velocity - 4, aud an electric field due to the change of the reference frame,

U X Bo, is applied to the background, ) ¥For the boundary conditions, those background plasma




particles that flow out of the simulation domainare refreshed with the ambient temperature, 7 '¢o
or 70, before they areinjected back to the simulation domain. If any newly ionized plasma
particles reachthe boundary of the simulation domain,they are deleted from the particle list.
Currently, a periodic boundary condition is used foithe electromagnetic field. Since the largest
wave amplitude in the system remains concentrated near the cloud [ Okuda and Choueiri,1 994],
theuse of the periodic boundary condition on the fields should only have a negligible effect onthe
results if the simulation domain is large enough. Since the waves excited in. this problem have a
much larger wave length along 30, we are un able to set a simulation domain large enough in th ¢
Bo due to computational restrictions. Hence, the periodic boundary condition in the z direction
may have some effects in terms of affecting the instability growth rate. However, this would not
change the overall mechanism.

1°'0 make the problem more tractable, in the simulations presented here, we only include
the electron-neutral ionization collision, the most important collisional process for C1V. Similar
to Machida and Goertz[1 988], we model the electron-neutral collision frequency ve., as a step

function with a low-energy cut-ofl:
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where Vo = 1, < FionPe > is taken as au input parameter. In addition, we also take the neutral
cloud density n,, radius r,,and drifting speed v, as constant. These are reasonable assumptions
for the relatively small spatial and time scale of the simulation. The effects of the neutral cloud
size and density are studied via a parametric study on 7, and vy, (Vion iS directly proportional
to the neutral density.).

in this paper, we present results from 4 simulation cases (Table 1). ‘he ionization collision
frequency is taken to be Pion = Vion/wpe = 0.2 in cases 1a and Ib, and ¥4, = 0.05 in cases 2a and
2b. Cases la and 1b represent a dense neutral cloud, and cams 2a and 2b represent a more rarefied
neutral cloud. in cases 1 a and 2a, we consider a smaler cloud with a radius #, =7, /Ap = 15. In
cases 1 band2b, we consider a larger cloud with 7, : 25.

1)epending on the problem size aud the reference frame used in the simulation, the number
of grid points used for the simulation domain is in the range of L, =- 40 — 100, I, = 40- 60,
and L, = 40 — 60, and the number of ambient plasma particles initialy loaded isin the range of
No~100_ 10" (about 34 parLicles/cell). Someseed ions are also randomly distributed within
the cloud at the start of the simulation, The number of seed i0NS iS Nyeeq =~ 450 for 7, =15

and N,eeq >~ 2090 for #, =25 (about 4 seed ions/cell within the cloud). The neutral drifting
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velocity is takentobew, /v.= 4 andthe initia electron therma velocity is chosen such that
%mcvfo =~ 0.098¢¢:0n. DDue to computational restrictions, an artificial ion mass of mi/me= 100 is
used for the seed, ambient, andnewly born ions. Other simulation parameters are listed in Table
‘2. They arc comparable to those used in previous C1V simulations (e.g. Machide and Goertz

1988, Machida ct al 1988, etc.).

3 Results and Discussions

We first examine the spatial distribution of the plasma ionized from the neutral cloud. In ¥igure
2 wc show two snapshots each for simulation cases 1 a and 2a (#, =- 25). The left column shows
case la (Pion = 0.2) andright column shows case 2a (Din = 0.05). Inboth columns, the top
panclsare taken when the simulation is in a very early stage ({w,. = 6). The lower panels are
taken at tw,. = 200. in the figure, the white particles represent neutrals, blue particles represent
newly born electrons ionized from the cloud, and yellow particles represent newly born ions. The
ambient plasma, which maintains the charge neutrality, is not shown. The left colummn shows that
the plasma ionized from the neutral cloud evolves to form an “asymmetric sphere-tail” structure.
The newly born ions mainly drift with the neutral cloud because they are only weakly magnetized.
Driven by the motional induced emf, the newly bornions also expand in the @, X ﬁo direction as
they drift along with the neutral cloud. Since the electrons are strongly magnetized, the newly
born electrons arc trapped by the magnetic field and form a curved tail trailing the neutral cloud.
Since the electrons can move freely along the magnetic field line, this tail spreads along 1}0 like
a sheet. The right column (case 2a) also shows a similar structure for the newly born plasma.
However, th ¢ “asymmetric sphere-tail’’ structure is less obvious because there is much less plasma
created from the neutral cloud in case 2.

We next study in detail the important quantities associated with CIV.Figure 3 shows the
time history of the ionization yield for the four simulation cases. (Since cases la and 2a have a
larger problem size, wc arc unable to runcases la and 2a as long as cases 1b and 2b.) Here, the
ionization yield is defined as Neyew/N€o, where Negew IS the total number of the newly born
electrons and NV eo is the number of ambient electrons initially contained within the neutral cloud,
Nc(i = 12e0 Veloud = 1260 —3‘1’T°;iln our simulations, the number of ambient electrons initially within
the cloud is Nep~ 1923 for 7, =15 and Nc,~ 9027 for #, =-25.

The ionization yields for case 1la and 1 b, shown on the ton panel of figure 3, clearly exhibit an




exponential growth. The exponential growthstarts at about twje ~ 100 -150. At twpe =~ 100, the
ionization yieldis only Neyew/Nego2 0.87 for case 1a aud Neyew /Neg~ 0.72 for case Ib. By the
end of the case 1 simulation, at {wpe = 232.5, we find Neyen /N0~ 6.2 for case la By the end
of the case 2 simulation, at tw,. = 400, we find Neyen /N0~ 28. for case 1b. This exponential
growth indicates that an anomalous ionization process isinpiocess. The ionization yields for case
2a and 2b, shown on the bottom panel, also show somesigns of exponential growth. However,
the growth rate is at a much weaker level (note thereis a factor of 10 scale difference between the
top and bottom panels).

Figure 4 shows the time evolution of the wave energy associated with the electric and magnetic

fields within the cloud. In the calculation, the electric and magnetic field is normalized as
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The wave encrgy is calculated as
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where the summation is for all the grid points within the cloud region.

The top panel shows the wave energy for cases 1 a and 1 b while the bottom panel shows cases
2a and 2b. An exponential growth of 62 is present in all cases, while 6132 remains near zero. The
rapid growth of the electric field wave energy indicates that au instability of electrostatic nature
has been excited. This is exactly the modified beam-plasma instability induced by the ion beam
within the cloud. When vj., is the same, the instability grows faster for the larger cloud. ‘This
is apparently because the smaller cloud size imposes a more severe restriction on the wave length
of the unstable wave modes allowed, which litnits the instability growth rate. According to linear
stability theory, the maximum growth rate should occur for wavelengths aong the magnetic field
of /\m,” =) g/:‘:f‘f’ﬁ? where m; andm.are the mass Of the electron and ion, respectively, and f15
is the lower hybrid frequency [Moghaddam-Taaheriet al,, 1 994]. If the cloud is not large enough
to contain the most unstable mode, it seems plausible that the growth rate of the instability will
be reduced [Newell, 1985). Although this hasnever been shown rigorously due to the theoretical
problems of handling the necessary non-uniform plasma, recent numerical work has indicated the
reduction in the growth rate dots indeed occur [Moghaddam- Taaheri et al., 1994]. Because of
the computational restrictions necded to carry out the full three dimensional simulations, al the
simulations here usc clouds with » <A, , i.e. the size of the cloud is smaller thau the wavelength

alon g the magnetic field needed for maximuir o growth of the instability. Hence, our simulations



represent carly stages of space based CIV experiments when the cloud is still small. The reduced
ionization rate in the smaller cloud agrees with the trend of smaller cloud sizes reducing the
instability growth rate and hence the ionization rate obtained through the ClV proces.

A very distinct difference is noticable when comparing cases 1a and 1b to cases 2a and 2b. The
instability is much stronger in cases 1 a and 11> than in cases 2a and 2b. The combined results of
the ionization yield and wave energy clearly suggest that critical velocity ionization has occurred
in cases 1 a and 1 b. ¥or cases 2a and 2b, the much weaker growth of the ionization yield and the
wave energy only indicates signs of marginal C1V.

Electron heating by unstable waves is regarded as a key step to ignite C1 V. in al C1 V ex-
periments, the electron temperature enhancement has been used as a key indicator for Cl V. We
next examine electron heating in our simulations. Figure 5 shows the time history of the electron
temperature within the neutral cloud region. The temperature 7'¢ is calculated using all electrons
inside the cloud region and is normalized by T'eq, the initial electron temperature. We find rapid
increase of 7, starts at twp. ~ 100, which is consistent with the instability growth and ionization
yield growth shown in figures 3 and 4. However, it is interesting to observe that, while strong
electron heating continues through the simulation course in cases 2a and 2b (which only have mar-
ginal signs of CIV), electron heating reaches a semi-steady state at a modest level of T'¢/T'eq ~ 2
at twpe ~ 180 — 200 in cases 1aand 1 b (which have clear signs of C1V). This is apparently due to
the trade off between electron heating rate and the collision frequency. in a collisionless plasma,
electron temperature enhancement is directly correlated with the instability level. However, when
€lectron-neutral collisions are present, the collision frequency imposes an “windowing effect” upon
electron heating. In a plasma with a lower collision frequency, an electron will heat longer and
reach a higher temperature before colliding with a neutral, ionizing and losing its energy. On the
other hand, if the collision frequency is high, the electrons collide and excite neutrals so often that
7'e can only reach a very moderate level no matter how strong the instability is. Hence, although
the electron temperature is an important parameter to measure ina CIV experiment, we find
that strong electron heating does not necessarily indicate CIV. We note, in most space-based C1V
experiments, strong electron heating butno significant, ionization yield are present at the same
time.

One of the most important mechanisms ina ClV process is the momentum coupling among
the n cutral cloud, the ion beam, and the ambient plasma [Haerendel, 1982]. The momentum

coupling determines whether the initial ion beam momentum can get reinforced so the process is




inapositive feedback loop leading to C1V.InFigure G, we plot the time history of the beam ion
momentum in the drifting direction for al simulation cases. The initial ion ham momentum is
that of the seed ions

Pro = Nycedi vy, (3)

The beam ion momentum at a later time is that of the initial seed ions and all newly born ions.

P = BN, 4 Nyew (M05) (4)

If we consider a finite size cloud of ions drifting in a plasma with no collisional interactions
between the ion cloud and the plasma, the ioncloud will initially excite some electromagnetic
waves in the plasma at the expense of losing its momentum. Since there is no mechanism to supply
the ion beam momentum, th ¢ wave-particle interactions will eventually consume all the initial ion
momentum, and the ion cloud will stop and the waves will disappear. For a very rarefied n eutral
cloud where electron-n eutral collisions have a negligible effect, the process is similar. in Figure
6 we aso plot the beam ion momentum for a very rarefied neutral cloud, where the collision
frequency is Di,, = 0.001 and the radius is #=15. As the result shows, the beam ion momentum
1’ for this cloud quickly decreases to zero,

The collisional interaction between electrons and the neutral cloud provides the mechanism
to resupply the ion beam momentum lost via wave excitation. When P, /Pz0 > 1, the process is
in a positive feedback loop. Clearly, in order for sustained CIV to occur, the collisions and wave

particle interaction must result in a process such that
P /P20 >1, and d(P2/Pro)/dl >0 (5)

As shown in Figure 6, these two conditions are well satisfied for cases la and Ib. For case 2a, eq(5)
is marginally satisfied, and for case 2b,eq(5) is not always satisfied. These results are consistent
with the results shown in Figures 3 and 4, where we found case 1 has clear signs of Cl V and case
2 only has marginal signs of C1V.

We find the quantitative characteristics of the beam ion momentum, rather than electron
heating, is the most important indicator for C) V. The conditions that can result in a process
with 1% /10> 1 andd(F% /P20) /dt > 0 are the suflicient conditions for CIV. Unfortunately,
these conditions are not known a prior, which may be  the missing factors in space-based C1V

experiments.




4 Conclusions

We have developed a 3-1>Cl1 V interaction model based on electromagnetic P1C-MCC simulations.
‘I'he model has been used to simulate space based ClV experiments. In this paper, we have focused
our discussions on the effects of the cloud size and the electron-neutral collision rate on ionization,
wave energy growth, clectron heating, momentum coupling, aud the 3-1) structure of the newly
ionized plasma

Our simulations have some interesting practical implications for space based C1V  experiments.
We find while space based CIV experiments are designed to satisfy the necessary conditions of
ClV, they do not necessarily result in au interaction process with the continuous enhancement
of the ion ham. The quantitative conditions that will resultin a process satisfy ingeq(5), which
may bethe sufficient conditions for CIV to occur in space, are still not clear. Nevertheless, our
simulations suggest that, ingen eral, the replenishment of the beam ion momentum is more easily
achieved for larger cloud size and higher neutral density. This suggests that, for a typical nozzle
release experiment, favorable Cl V condition may exist only in avery narrow, intermediate region
some distance from the release point. Figure 7 qualitatively illustrates the neutral cloud size and
neutral density profile as a function of the distance between the cloud and the nozzle exit. Near
the nozzle exit, where the neutral density is sufficiently large, the cloud size is often too small
to support the unstable waves, which limits the growth of the instability and thus, the energy
transfer from the beam ions to the electrons. Far away from the nozzle exit, where the cloud has
expanded to a sufliciently large size, the neutral density is too low to allow the collision frequency
that is needed for sustained beam momentum enhancement and thus, ionization. When CIV
does occur, wc find the newly ionized plasma from the cloud forms a very complex structure,
appearntly duc to the combined forces from the geomagnetic field, the motion induced emf, and
the polarization. Significant plasma density enhancement is likely to be detected only in the core
region of the neutral cloucl. Hence the detection of Cl V critically depends on the sensor location.

The simulations presented here used a relatively simple neutral cloud model. The major lim-
itation of the current model is imposed by th ¢ computer memory and cost, which restricted our
simulations in relatively small scale and artificial ion mass ratio. Currently we are in the process
of incorporating a more sophisticated neutral cloud model and implementing our model onto mas-
sively parallel supercomputers (i.e. Intel Paragon and Cray 1'3D)) for larger scale, more realistic

simulations.
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simulations | 7., |
ia Oi 25
1b 0.2 | 15
2a 0.035| 25
o |oas|15

‘I"able 1; Simulation cases

deenn/ An 5
dw,e | 0125
Mmi/Me 100

Wpeo/Ste 1
B./B. | Vmifme
v /Ve 4

VU [Vio 125
10/Te0 1

Table 2: Simulation parameters
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Figure Captions

Figure 1. Schematic illustration of the simulation model. A neutra cloud with some seed ions
travels across a magnetized background plasma.

Figure 2: Snapshots of the plasma ionized frorthe cloud from simulation cases la (left
column) and 2a (right column). Top pancls are taken at fwy, == 6 and bottom panels are taken at
lw,. =- 200. White particles: neutrals. Yellow particles: newly bornions. Blue particles: newly
born electrons. The ambient plasma is not shown here.

Figure 3: ionization yield Venew/Neo. Neo~ 1923 for #, =- 15and Neo~ 9027 for #, =- 25.
Top panel: cases 1 a and 1b. Bottom panel: cases 2a and 2b. (Note the change in scale between
case 1 and case 2)

Figure 4. Wave energy within the cloud. Top panel: cases la and 1b. Bottom panel: cases 2a
and 2b. (Note the change in scale between caseland case 2)

Figure 5: Electron temperature 7'¢/T'¢p within the cloud. Top panel: cases 1a and Ib. Bottom
panel: cases 2a and 2b.

Figure 6: Beam ion momentum P, /Pao.

Figure 7. Schematic illustrations of the neutral cloud size and density profile as a function of

the distance between the cloud and thenozzle exit in typical nozzle release experiments.
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